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. ABSTRACT

One of the major problems of m.etal stiuctures 1n the seawater envi-
ronment is the growth of flaws by the stress-corrosion-cracking (SCC) mech-
amsm. Environmental effects on the mtegerty of the structure are related
both to SCC processes and to the inherent rolerance of the matenal for
flaws at regions of high stresses. The Ratio Analysis Diagram (RAD) pro-
vides translations of fracture resistance properties of metals to expected

B structural performance; the RAD has been modifie@ 0 melude analyses of
E the effects of SCC. The significance of section-size effects on the results of
- SCC tests based on linear-elastic analysis methods and expected structural

behavior are included on the modified diagram, which is called the Dual-
SCC RAD. Examples of several current high-strength steels and titanium
, alloys are referenced to the Dual-SCC RAD to illustrate its use,

PROBLEM STATUS

This 15 a special summary and mterpretative report covering the results
of salt-water SCC studies. These studies are continuing,
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STRESS-CORROSION CRACKING OF HIGH-STRENGTH
STEELS AND TITANIUM ALLOYS

NOMENCLATURE
¥ . ' a critical flaw size; depth of surface or edge crack
3 ; thickness
\, . 3 DT Dynamic Tear (test)
¢ : LEFM  hnear-elastic fracture mechames

K stress-intensity factor
N 1 Kjc cntical plane-strain stress intensity
; K. cntical plane-stress stress intensity
i Kq questionable or invahd K
¥ Kisce threshold value of K above which SCC occurs
Wet Kq  invahd value of K determined 1n a salt-water environment
6 stress
Oys wield strength
SCC  stress-corrosion cracking
R resistance of a material to fast fracture
R-curve  fracture-extension-resistance curve
RAD Ratio Analysis Diagram
Dual-SCC RAD RAD modified for inferpretations of SCC

INTRODUCTION

In addition to basic stress-analysis procedures, a structural designer must consider
the effects of loading and environment that can cause preexisting flaws to grow to critical
sizes. One of the primary problem areas for structures in the seawater environment is the
rapid growth of flaws by the stress-corrosion-cracking (SCC) mechanism. There are several
hanical and chemical pre by which cracks grow under the combined effects of
active environments and applied stresses; however, the macroscopic effect 1s crack propa-
gation, which can be designated SCC for engineering purposes.

The degeee of susceptibility of structural metals to SCC is not predictable from con-
ventional mechanical property data; the only way to determine a matenal’s relative sensi-
tivity to environmental effects is to conduct specialized laboratory tests. In recent years,
sharp-crack fracture-mechanics procedures have been extenswvely used to test structural
metals for SCC sensitivity. These methods are employed for two reasons: {a) many
materials (particularly titanium alloys) which are highly resistant to general cotrosion can

1
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be very sensitive to SCC if a sharp crack 1s present, and (b) the fracture mechanics type
of test provides both 2 model! of the most critical features (flaw plus stress level) of the
structure and a relationship with established design practices against bnttle fracture

A large amount of SCC data based on fracture mechanics tests of steels and titamum
alloys has been reported. Much of the data has not been analyzed m terms of applhca-
bility to failure-prevention procedures in design. At NRL combined analysis procedures
for both fast-fracture and salt-water SCC have been developed; this report presents these
procedures and interpretations for high-strength steels and titanium alloys.

SCC DEFINITION AND MEASUREMENT

Structural failures due to corrosion/stress-corrosion factors generally occur in the
three distinct phases depicted in Fig. 1.

1. Pitting corrosion is the formation of small pits by chemical processes. Once formed,
pits grow by a combination of fatigue and pitting corrosion to a size where SCC processes
become effective.

2. Stress-corrosion cracking is the more rapid propagation of the crack due to the
combined influence of the environment and the stress field.

3. Final failure by either unstable brittle fracture or ductile, overload fracture results
from the growth of the crack to a size that 1s cnitical for the imposed stress level.

Fig. 1 — Illustrating the three phases of structural
failure by ion and stress All three
phases are not necessary for faiture in all cases.

FAST
FRACTURE

Designers are concerned primarily with phases 2 and 3 of the process, i.e., the impor-
tant factors are SCC and the final failure mode. Phase 1 can be excluded from a practical
standpoint because the existence of cracks which are far larger than most corrosion pits
1s a certainty for many structures. Design against failure by SCC therefore requures either
precluding rapid SCC propagation by material selection or predicting the rate of crack
propagation and conditions for final fracture to assure a safe operating period.

A threshold effect in SCC behavior has been shown to exist for high-strength steels
and titanium alloys. The threshold 1s dependent on the linear-elastic stressntensity factor
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K and 1s independent of apphed stress for both steels (1) and titanium alloys (2). The
stress-intensity factor is related to the product of stress o and the square root of crack
size a, i.e., K = f (g+/a). Apphed K can be considered a mechanical condition analogous
to applied stress; cntical values of K describe characteristics of the material that can be
expressed in terms of K. The characteristic K value at the threshold is called Ky, and
defines the level of applied K above which SCC will occur if the material 1s sensitwve to
environmental effects.

The physical events associated with measurement of SCC properties using fracture
mechanics methods are illustrated in Fig. 2 using titamum alloys as an example. The
fracture surface of a precracked specimen tested in an aqueous environment is shown in
the center for a material that 1s sensitive to SCC. Starting with a constant load such that
the applied K level 1s just above the characteristic K, level, the SCC crack propagates
until 1t becomes sufficiently large that the remaining hgament fractures. The photographs
are electron microscope fractographs which illustrate the appearance of the various regions
on a microscopic scale. Characteristically, fatigue fracture associated with precracking has

TITANIUM ALLOYS

FATIGUE
(PRECRACK)

CLEAVAGE
(sce)

MICROVOID COALESCENCE
(FAST FRACTURE)

Fig. 2 =~ The p of SCCin i} Is. The pi
appearance of each type of f; is 1l d for ium alloys
only. In matenale that are not affected by SCC, the cleavage region
is not present.
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the stnated appearance shown and fast fracture has the dimpled appearance denoted
microvoid coalescence. In titanium alloys, SCC cracks propagate by a mechanism which
results in cleavage fracture; the presence of cleavage on the fracture surface is evidence of
occurrence of SCC. Identification of fracture processes 1n steels by electron microfractog-
raphy is not as simple as for titanium alloys because cleavage and quasi-cleavage fracture
modes are also associated with fast-fracture propagation in steels.

The above example applies to materials that are affected by the environment. If the
matenals are unaffected by the environment, the K level at which the specimen fractures
is related to the fast-fracture properties of the metal rather than to the SCC properties.

To measure Ky, . values for structural metals, any fracture mechanics specimen con-
figuration can be used. The usual procedures involve loading a senes of specimens at
various applied K values with the hostile environment present and using bracketing methods
between “break” and “no-break” specimens to determine Kp;... The data are plotted as
a function of time to show that the threshold has been measured, in that low values of K
are not attamned with longer test times. Test times of 1 to 3 hours are generally sufficient
to attain threshold conditions 1n titanium alloys, while test durations of thousands of hours
are not uncommon for steels

Because of the relative simplicity of specimen preparation and test procedures, the
cantilever bend test developed by Brown (3) is a widely used method where large numbers
of specimens must be tested. The specimen configuration and the equation for calculating
K along with test data for two titanium alloys are shown in Fig. 3. The examples are
typical titanium alloys representing a sensitive (bottom) and an insensitive (top) condition.
The reference point on the ordinate for each curve (denoted dry) is the K value determined
in air. “No-break” points are indicated by arrows. In principle the difference between
Kjsce 2nd the Dry K value indicates the severity of the environmental effect. A large dif-
ference indicates a large effect, whereas little or no difference indicates immunity to the
environment

Test specimen configurations other than the cantilever design are also used for SCC
testing; however, for a given material, the same Ky, . value is measured by each method
Three- and four-point bend specinens and center-cracked tensile panels are sometimes used
for titanium alloys because of the relatively short test-time requirements. An interesting
specimen configuration used for long-term tests of steels is the bolt-loaded WOL (wedge-
opening-loaded) spscimen developed by Novak (4). In this specimen, increasing crack
length due to SCC results in SCC crack arrest at Ky, due to the rapidly decreasmg values
of applied K. Applied K decreases with crack growth b of the constant d
and decreasing moment afforded by the bolt-ioading system; thus several measurements of
Kisee can be made on a single specimen by reloading arrested SCC cracks.

The advantage of using stress-intensity parameters to define SCC properties 1s that
the Kp .. value can be translated into cntical flaw size vs stress level relations for crack
growth by using the same equations and cntena defined by hnear-elastic fracture mechanics
(LEFM) that apply to the fast-fracture case. To properly use LEFM principles to charac-
terize SCC properties of structural metals, plane-strain conditions must dominate the stress
state because (a) LEFM 1s concerned only with plane stram, and (b) SCC is usually assocs-
ated with plane strain. Plane-strain conditions are required across the major part of the
crack front to assure applicability of the fracture mechanics equations for accurately de-
fining the environmental effects. The stress state is determined by the degree of constraint
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Fig. 3 — Typical SCC curves for titamum alloys sensitive to salt water (bottom) and
nsensitive to salt water (top). The cantilever bend type specimen and equation are also
ilustrated in this figure

to plastic flow at the crack tip, which is a function of thickness (Fig. 4) and crack depth
The material at the center has a tnaxial stress state which hmits, or constrains, the flow
of metal along the edge of the crack, while the surface matenal 1s free to flow (plane
stress). A plane-strain condition exists when triaxial stress conditions predominate.

The fast-fracture resistance of a matenal can be measured 1n terms of the K parameter
as either K, or K, depending on the degree of constraint present in the specimen. A
valid K;, value is independent of specimen geometry effects and therefore is a property
of the material; plane-strain conditions are necessary for determining Kj.. Accordmng to
ASTM-recommended practice (5), the thickness requirement for a valid K, measurcment is

B> 25 (Kyc/0y,)? @

where B = thickness and oy, = yield strength of material. Full-plane stress K, values de-
pend highly on specimen geometry and therefore are not a constant matenal property.

This dependence occurs because the denwvation of equations defining the K parameter as-
sumes that the stress field can be represented as two dimensional and that plasticity effects
at the crack tip are negligible; both of these conditions are violated by the plane stress state.
K values that do not meet the suggested plane-strain criteria for vahdity are denoted Kq.
where the subscnipt Q denotes questionable. For the same reasons, only the SCC charac-
terization data obtained under conditions of plane strain should be denoted as Ky, values.
Values of K obtained 1n a sait-water environment under plane-stress or plane-stress, mixed-
mode conditions may not represent the characteristic value for the matenals involved. Such
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W
PLASTIC ZONE
-/ AT SURFACE

4L~ FATIGUE
CRACK

o

INTERIOR
PLANE STRAIN

SURFACE
PLANE STRESS

F.g 4 — The effect of biaxial {(specimen sur-
face) and triaxial (specimen center) stresses
on constraint of plastic zone formation at
the tip of a crack

values of K are designated “wet Kq.” The thickness requirements of the ASTM-recommended
practice cited above presently provide the best gmidance for valid Ky .. determinations In
the determination of mimmum B, the value of Kj,, 1s used in place of Kj, mn Eq. 1

Engineering applications of fracture mechanics are based on use of the equations de-
scribing stress level and flaw size combinations for different loading situations to predict
the conditions necessary for the itiation of either brittle fracture or SCC propagation.
The unique reiation of LEFM 1s that K = « ¢+/a where o = stress, a = flaw size, and a =
constant related to geometry. An equation which descnbes a common part-through sur-
face flaw case is

K = 1.1 ov7a/qQ,

where Q is the flaw geometry factor. If this is rewritten as

(Kisecl0yss? or (Kic/0y,)? = 1.21 (0/0y,)? ma/Q, 3)

where 0, = yield strength, 1t can be seen that the cntical flaw size of a gven shape is
dependent only on the relative stress 0/oy and the ratio of K /oy, or Kygeo/oy,. This
relationship 1s depicted graphically in Fig. 5 for two selected flaw geometries and for a
wide range of apphed stress levels. It is cautioned that to use this chart, l(h,/ays or
Kiyce/0ys applies only to materials which are sufficiently thick to maintain plane-strain
conditions, (See Eq. 1.)

The SCC resistance of a materal must be determined by comparison of the critical
flaw size for fast fracture with the cntical flaw size for SCC propagation which will eventu.
ally lead to fast fracture. This can be done for bnttle materials by companng Ky, .. with
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Ki. For example, a value of K, approaching the level of Ky, sigmifies a high degree of
SCC resistance; conversely, a low value of Ky, . compared to K;. indicates sensitivity to the
environment. The Ky, parameter by itself does not denote whether or not the matenal
is sensitive to the envirc t. Thisis b Kiscc values cannot be larger than Kj.»
i.e., materials with low Kj, values will always be limited to low values of K., For duc-
tile matenals, companson of the K., value must be made with some other index of fast-
fracture resistance such as DT or R-curve analyses (6-9). A third possibihty is the case
where a valid Ky, . cannot be measured. This condition denotes that specimen thickness
15 insufficient to maintain the plane-stram state; 1.e., for that thickness the material would
not be subject to SCC. If thicker sections of the matenal are of concern, then specimens
of greater thickness must be used.

One of the factors observed in SCC testing of both steels and titanium alloys is that 3
there is a decrease in the K value from Dry Kq to Wet Kq for almost all alloys, whether
or not visible evidence of SCC propagation can be found. Furthermore, 1in some cases 2
Kisce type of test on insensitive materials in normal laboratory air results in about the

SRR
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same decrease. Thus, for some matenals, test time tends to depress the measured K values
to lower levels corresponding to plane strain such that very small flaws will be critical for
fracture extension without positive assurance of the occurrence of SCC. Such effects are
limited primarily to metals that are in the low to intermediate range of resistance to fast
fracture; the level of Wet Kq values for metals with high resistance to fracture and SCC are
not depressed to the extent of attaining plane-strain conditions.

RATIO ANALYSIS DIAGRAMS

A simphfied diagrammatic procedure for assessing the fast-fracture resistance of steels
(10}, titanium atloys (11), and aluminum alloys (12) has been established for several years.
The basic diagram, called the Ratio Analysis Diagram (RAD), 1s based on a correlation
between Kj, and standard dynamic tear (DT) energy for 1-in.-thick plates and applies to
all structural materials ranging from the most brittle to the most ductile. RADs for steels
and titantum alloys are shown n Figs. 6 and 7, respectively.

The RAD framework 1s formed from the scales of yield strength vs DT energy and
Kic. The most prominent features of the RAD are the limit lines and the system of hnes
of constant ch/Vys ratio. The Technological Limit (TL) line represents the highest values
of fracture resistance measured to date by either the DT or K|, tests over the entire 7eld-
strength range, the lower bound represents the lowest levels of fracture resistance.

The syste.n of ratio lines constructed from the scales of K, and oy, provides a ref-

erence to the critical flaw size chart, Fig 5; cntical flaw sizes for a long, thin flaw for
hali-yield and full-yield loading are shown on the RAD for each ratio line. The ratic lines
also divide the diagram into regions of expected ductile and bnttle fracture for given ma-.
terial thicknesses in accordance with Eq. 1. Plane-strain hmit ratio values, which denote
the upper limit of LEFM applicability for gwven plate thicknesses, are shown n Table 1;
some of these are also indicated on the RADs. The flaw detection limit shown to be at
K,c/oys ratio 0.3 corresponds to the mmmum flaw size range that can confidently be
expected to be located by existing nondestructive inspection methods. This hmit then
establishes the minimum point where LEFM can be rehably used.

To determine the afluence of a particular environment on the structural performance
of a matenal, 1t must first be recogmzed that SCC does not represent a degradation of the
inherent resistance to fast fracture. However, if fracture toughness parameters and SCC
parameters are both expressed in terms of a common index of structural performance, the
effect of an environment can be accurately evaluated by the comparison of the two terms.
Such an index 1s the cntical flaw size as determined for fast fracture and for SCC at the
same level of nominal stress. The RAD provides good engineering approximations of the
flaw si1ze vs stress requirements for the occurrence of fast fracture. Incorporation of the
SCC characteristics of the same matenials on this diagram permits a direct comparison of
conditions for fast fracture and SCC, This dual SCC-fracture toughness RAD has been
established for both high-strength steels and for titanium alloys (13,14).

The Ky, data obtamned from NRL studies and from the literature (15-36) for a wide
vartety of plate and weld metals in 3.5% sait water are shown in Fig. 8 for steels and 1n
Fig. 9 for titanium alloys. The diagrams are the same as Figs. 6 and 7 with specific ratio
lines that relate to thicknesses of test specimens indicated. Data points are coded according
to nominal specimen thickness without consideration of side grooves. (Side grcoves are
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Table 1
Frangibility Linuts

B
(mn.)

Plate Thickness

Maximum Ratio
Kicl0ys or Kisce/0ys
(in.)%

0.375
0.5
0.75
1.0
1.5
2.0
2.5
3.0
4.0
6.0
10.0

0.39
0.45
0.55
0.63
0.77
0.89
1.00
1.09
1.26
1.54
2.00

100
L

120 140 60 180
T 1 T T

- WET Ko LIMIT

COsE
VALID INVALID

200 240 280 320
YIELD STRENGTH

{Ks1)

Fig. 8 — Dual-SCC RAD summary of Kp.. data for a spectrum
of high-strength steels in a variety of thicknesses
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Fig. 9 — Dual-SCC RAD summary of Kjgee data for titanium alioys at tesi
specimen thicknesses of 0.5 and 0.75 n,

used to promote a straight crack front and to suppress shear-lip formation. Therr use does
not modify the thickness requirements for attainment of plane-strain conditions.) The
maximum specimen thickness used was 1 1n., corresponding to a limit ratio of 0.63 for
plane strain.

The Wet Kq limit 1s analogous to the Technological Limit for fast fracture in that it
depicts the highest Kiscc and Wet Kq values reported. The same types of materials were
used to establish the location of both limit lines. The effects of the lack of constraint due
to insufficient specimen thickness can be shown by the relative positions of the Technolog-
ical Limit and the Wet Kq limit lines. At oy, levels of 220 and 240 ksi or greater the hines
on the steel diagram converge. At this oy, level, even the best materials have a low level of
fast-fracture toughness so that valid Ki, numbers can be determined from 1-in.-thick plate;
hence, the Ky, values for environmentally insensitive materials approach the Ky, values.
For titanium alloys this convergence occurs at a yield strength range of 140 to 150 ksi.

In both cases the convergence of hmit nes occurs at the bottom of the TL line strength
transition.

Separation of the TL and Wet Kq himut lines at yield strength values below the strength
transiticn indicates the inability of the 1-in.-thick specimens to define fast-fracture and SCC
resistance for the best materials in terms of fracture mechanics parameters. For example,
the thickness requirements for steels are such that matenals i the region defined by the
highest part of the TL line do not manifest plane-strain fast fracture at thicknesses of 6 to
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12 in. Thus, high Kj,eo values reported for SCC specimens of 1-in. thickness or less should
be viewed with suspicion when obtamned for tough, high-strength materials.

The Dual-SCC framework of the RAD for high-strength steels in salt water is shown
in Fig. 10 and for titamum in Fig. 11. The upper hmit of strictly vahd Kj;ec measure- 3
ments 1s indicated for thicknesses of 0,25, 0.5, and 1.0 1. as plane-stramn limit lines for E

,,." o 8CC as determined from Eq. 1. For the l.n.-thick specimens, the plane-strain hmit line
S for 8CC corresponds to & Kyycc/0ys ratio of 0.63; for thinner specimens, the lines corre-
4 spond to smaller ratios,

The plane-strain limit line for SCC for a given specimen thickness, in conjunction with
the Wet Kq limit line, defines a region where subcntical crack growth and fast-fracture con-
ditions are either plane stress or plane stress/mixed mode, This 15 the Wet Kg region, noted
in Figs. 10 and 11 for 1-in.-thick sections, in which SCC may occur by advancing in the L.
3 plane-strain ligament 1n the central portion of the specimen. Although such tunneling ac- b
; fion weuld be indicative of SCC and Wet Kq values could be obtaned, the accuracy of
such values cannot be determined. Critical flaw-depth stress-level requirements for SCC can-
E: not be inferred for material falling in this region of the diagram. Specimens of increased
5 thickness are required to accurately define the conditions for SCC for such materials. In- ]
creased specimen thickness would be expected to move the Wet Kq region of the Dual-
3 SCC RAD to higher Kj/oy, ratios, however, additional confirmation studies are required.
3 In any event, the primary function of the Wet Kq region of the diagram is to assure that
a matenal’s resistance to subcentical crack growth due to SCC in salt water is accurately
represented by SCC test methods. Values which fall into the Wet Kq region must be con-
sidered to give, at best, rough qualitatve its of envirc tal sensitivity. Use of

120 130 160 180 200 220 240 (KG/MMD)
LI T T
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Fig. 10 — Dual-SCC RAD for steels
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Fig. 11 — Dual-SCC RAD for titanium alloys

such vaiues might result in an unacceptably conservative estimate of the capabilities of a
materiel highly resistant to SCC, whereas overly optimistic estimates might result for sens:-
tive matenals.

The degree of degradation of a metal’s resist: to the pr of flaws due to SCC
sensitivity is indicated by comparing the location of the fast-fracture and SCC data points
on thiz diagram. For this purpose, the Kjzco/0y, ratio 1s compared to the Kyc/oy ratio.
If a metal of characteristically high fracture toughness has a low Kjsee/0ys ratio, extreme
sensitivity to the environment is inferred. In this case, considerable SCC crack extension
would occur before fast fracture because of the high fracture toughness of the material.
Materials with a low level of inherent fracture toughness would withstand only a small
amount of crack extension by SCC before the onset of fast fracture. SCC of very low-
toughness materials (below ratio 0.5) 1s not really important for general design considera-
tion, since the critical flaw size for fast fracture in these metals 1s minute,

ANALYSIS OF STEELS

Mechanical properties such as oy, DT, Kj¢, and Kigee can vary from point to point
in a given plate and from one plate to another plate of the same nominal composition.
Due to expected statistical variance of properties, a given alloy system is charactenzed by
a representative range of these properties rather than by a single value. For this reason,
materials on the RAD are represented by a zone reflecting the range of properties rather
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To sumplify the interpretation of the effects of SCC, the Dual-SCC RAD can be
divided into three ranges of gy, s shown in Fig. 12 for the case of steel. Group I ma-
tenuls below 120 ksi 0y consist of HY-80, mild steels, etc., and generally feature fairly
high levels of fast-fracture resistance. SCC is not a critical condition for most applications
of these materials because of their high tolerance for large cracks at high stress levels. The
presence of SCC poses a problem of inspection and repair of the structure rather than cat-
astrophic failure, except for the rare case when metals with very high SCC crack propage-
tion rates are involved.
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Fig. 12 — Steel Dual-SCC RAD zoned to show three regions: (I) SCC
effects are minimal for most steels because of the inherent high toler-
ance of these materials to very large flaws, (II) transition of dry fracture
resistance from high to low results in transition of potential SCC effects
from munimal to severe, and (III) region where the presence of SCC s
highly critical because of the erticality of small flaws.

Region II is the strength transition region which 1s outlined by the rapid decrease of
the Technological Limit between yield strengths of 120 to 240 ksi. Materials range from
high to low in fracture resistance and from completely immune to highly sensitve to en-
vironmental cracking in the transition region. Much of the steel data in this report fall
in Region II because of a recent high level of research activity to develop usable steels in
this strength range.

Region 111 consists of those matenals above 240 ksi which are generally brittle. Any
susceptibility of these materials to SCC precludes their use for structures designed with a
p close margin of allowable stress and flaw size. For Region III materials, critical flaw sizes
3 are extremely small and even a small increment of crack growth can cause catastrophic
fracture at low stress levels.
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The range of properties representing the &Ni-Cr-Mo-V system 1s shown on the Dual-
SCC RAD, Fig. 13. 1t must be noted that the dry fracture toughness zone and the SCC
zone on the Dual-SCC RADs of this report do not necessanily represent samples of the
same plates in all cases; i.e., some matenals in the fast-fracture zone may not be repre-
sented 1n the SCC zone. The dry fracture toughness of plate and weld metal products in
the 5N1-Cr-Mo-V system measured by the DT test is shown by the crosshatched zone.
The SCC zone (dotted) represents all the Kyzcc values available for the 5N1 alloy system.
The location of the SCC zone m the Wet K region shows that crack propagation by the
mechanism of SCC is not expected for 5N1 steels, and definite evidence of SCC propaga-
tion n this material has not been reported. Thus, design based on the fracture resistance
of this matenal is appropnate for aqueous environments. A marginal part of the SCC
zone extends below the Wet Kq region corresponding to extremely poor metallurgical
quality material, but most of the data lie above the 1-in. plane-strain imit. The DT zone
is sufficiently high in the RAD that the plate and weld metal samples would not fracture
m the bnittle mode in section sizes up to 3-in. thick for the materials in the lowest part
of the zone. Materials at the middle and highest regions would not suffer brittle fracture
in any thickness.

A similar situation exists for the 10N1-8Co-2Cr-1Mo steel plate and weld metal samples
shown in Fig. 14. The DT fracture resistance is entwely above the 1-in. plane-strain hmit,
and the SCC zone resides primanly 1n the Wet Kq region. High SCC and ductile fracture
resistance are expected for this steel when produced by v: melting techniques

The Dual-SCC RAD for 9Ni-4Co-XC steels and weld metals normally produced by
air melt followed by vacuum arc remelt (Fig. 15) shows that the resistance to fast fracture
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ig. 13 — Dual-SCC RAD showing fast-fracture and SCC aspects
of 5Ni-Cr-Mo-V steels and weld metals 1 in, thick
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for these steels can range from intermediate to very low. The SCC zone lies mostly below
the Wet Kq region so that the critical flaw size for either SCC or fast fracture 15 quite
small.

A propensity for SCC is exibited by the 12N1-5Cr-3Mo family of steels (Fig. 16)
The DT zone lies above the 1.in. plane-strain limit, while most of the SCC zone lies below
the Wet Kq region. This is an example of what the effects of the salt-water environment
on an alloy system can be in terms of reducing the critical stress vs flaw condition from
the intermediate levels evidenced in the upper region of the DT zone to very low values
indicated by the SCC zone.
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Fig. 16 — Dual-SCC RAD showing fast-fracture and SCC aspects
of 12N1-5Cr-3Mo steels and weld metals

A compendium of other steels is shown in Fig. 17. These steels are all lugh-strength
alloys which, for the most part, evidence low levels of resistance to fast fracture and also
have low values of Kjscc. Above approximately 240 ksi oy, use of these matenals on
the basis of Ky, and Kpyco values must be on a case basis for the reasons stated previously
concerning inspectability problems and fracture due to minute flaws and low elastic stress
levels.

ANALYSIS OF TITANIUM ALLOYS

Analyses of the fracture characteristics of titanium alloys are made from the Dual-
SCC RAD in exactly the same fashion as for steels. Two materials that have very similar
fast-fracture properties and very different SCC characteristics are shown n Fig. 18, Tita-
nium alloys T1-7Al-2Cb-1Ta (721) and Ti-6Al-2Cb-1Ta-0.8Mo (621-0.8) were developed
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Fig 17 — Dual-SCC RAD showing fast-fracture and SCC aspects of a
group of high h 18N1 steels — 4330, 4340, D6AC,
and H1l — 3/8 . thick
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Fig. 18 — Dual-SCC RAD sho ~ing effects of salt-water environment
on Ti-7Al-2Cb-1Tx and Ti-6A1-2Cb-1Ta-0.8Mo alloys
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for structural applications in the Navy. A high degree of resistance to fast fracture for
both alloys is shown to exist in the location of the DT zone very high n the ductile frac-
ture region of the RAD. The susceptibility of the 721 alloy to salt-water SCC, indicated
by the SCC zone, is well known. SCC cracks propagate at a very high rate in 721 so that
this materal cannot be used 1n a salt-water environment. A shght modification to the 721
chemistry resulted in the 621-0.8 composition which is insensitive to the salt-water envi-
ronment.

Another well-known alloy that is sensitive to the salt-water environment i~ the Ti-5A1-
2.58n system. The range of fast-fracture resistance illustrated by the zone in Fig. 19 points
up the trend of decreasing fracture resistance with increasing yield strength. The SCC zone
is lower than both the fast-fracture zone and the Wet Kq region for all heat treatments
reported, indicating a high degree of inherent SCC sensitivity for this alloy.

110, 120 (KG/MM?)
T

OYNAMIC TEAR ENERGY (FT-LB)

1 —t 3 1 i 1 L 1 ¢ J
100 no 120 130 14C 150 o 170 180  (Ksn
YIELD STRENGTH

Fig 19 — Dual-SCC RAD sh g effects of salt-wat. t on Ti-5A1-2 58n

A titamum alloy that is widely used, particularly by the aerospace industry, is Ti-6Al-
4V (6-4). A great deal of work has been done with 6-4 so that the RAD zones, shown in
Fig. 20, cover a wide range of properties. This alloy can be sensitive to SCC in salt water,
as well as :n other fluids, or it can be resistant, depending on several factors such as forging
and rolling practices, heat treatment, impurity and oxygen contents, chemistry vanations,
etc. No general trend for 6-4 can be obtained by examining the Dual-SCC RAD because
of the wide range of metal quality that is involved. Detailed analyses of the 6-4 matenal
of concern must be made on a case basis, particularly by separation into quality zones as
to fast-fracture vs SCC aspects.
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Fig. 20 — Dual-SCC RAD showing effects of salt-water environment on T1-6A1-4V

Another hitanium alloy system which has been investigated extensively because of its
high resistance to fast fracture 1s the Ti-6A1-2Mo to Ti-7Al-2.5Mo composition range. The
Dual-SCC RAD, Fig. 21, shows that a wide range of fast-fracture resistance can be obtamned
for this system by variation of the yield strength. No sensitivity of these alloys to SCC
has been reported; however, the high strength-low toughness end of the fast-fracture zone
has very low levels of fast-fracture resistance so that low Kjsce values are obtamned, The
lower va,ues of Kigee for this system were d with sp of 1/2-in. thickness,
hence the Wet Kq region is bounded by the 0.45 Kj;cc/0ys ratio line. Due to previously
described effects of loading specimens over a period of time, the Kisc zone extends below
even this Wet Kq region without the presence of SCC.

A group of titamum alloys for which only Koo data are available 1s shown n Fig. 22,
These alloys are typical of the three gy, regions of the RAD previously descnbed for steels.
The Ti-4Al-4M0-28n-.55 system has a yield strength range of 140 to 180 ksi, which hmits
the fast-fracture resistance to very low levels and thereby restnicts Kygee values to the same
low levels. The T1-5A1-58n-5Zr system ranges from 110 to 135 ksi vield strength, which
corresponds gencrally to the range where high fracture resistance 1s expected. The low
position of the SCC zone for $his chemical composition 1s evidence of high SCC sensitivity.
The Ti-4Al-3Mo-1V alloys system ranges from 125 to 170 ks1 0y, covering the strength
transttion defined by the Technologicat Limit line. As expected, the SCC zone ranges
from the Wer Kq limit at the low gy, levels to very low Kigec values at high oy, levels.
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SUMMARY

An 1nvestigation of the spectrum of high-strength steels and titanium alloys available
for structural applications reveals a wide range of SCC behavior 1n sait water. Tests based
on hnear-elastic fracture mechanics methods provide the best definition of SCC resistance
in terms of a crack-tip stress-intensity parameter K;. The minimum (threshold) value of
Ki for SCC to occur is termed Kyzce. Essentially any plane-strain fracture mechanics test
can be used to determine Kjgoc} regardless of which fracture mechames test is used, the
thickness B requirement 15 cnitical for valid Xigee measurements. Flaw size vs stress condi-
tions for subcritical crack growth due to SCC can be calculated from the Ky value.

Ratio Analysis Diagram procedures have been established for characterization of mate-
rials’ resistence to fast fracture and to interpret these for failure-safe design. To cover the
case for SCC in high-strength titanium alloys and high-strength steels, the Dual-SCC RAD
provides engineering defimitions of flaw size vs stress conditions for failure by subcritical
crack propagation. The Wet Kq limit line defines the highest Kyco values obtained with
1-in.-thick p ked fracture h specimens. The plane-strain limit lines for SCC
indicate the upper himit of valid Kisce measurement as well as accurate Kygec/0y, ratio
interpretation to flaw size vs stress conditions for 3CC. A Wet Kq region of full and
mixed-mode plane stress is defined by the Wet Kq and plane strzin limit lines for which
SCC may oceur in the plane-strain (central} portion of the specimen. Accurate Kjjoy,
ratio interpretations to flaw size vs stress conditions for SCC cannot be made for this
region.

The 2verity of environmental effects can be determined only by comparison of fast-
fracture resistance and SCC resistance in terms of the flaw size vs stress level conditions,
as defined by the Kj/oy, ratios, that are cnitical for each case. The Dual-SCC RAD facili-
tates such comparnsons by providing a format utilizing th’s common parameter.

Dual-SC” RAD analyses for several high-sirength steels and titamum alioys were pre-
ted; these repr ted recent and currenf research and commercial grades of high-

strength materials for which SCC data could be fourd. By examining the data on the
Dual-SCC RAD, it was concluded that effects of sensitivity to salt-water SCC were to re-
duce the flaw size that could be tolerated to a very small value. In many cases, the low
fast-fracture toughness level inherent in the material vesulted in the low values of Kisee
that could be erronieously attributed to SCC effects. In most cases, whether SCC sensi-
tivity 15 present depends highly upon such factors as heat treatment, processing practices,
etc. For these reasons, case-by-case testing for SCC sensitivity is necessary for new mate-
rials used in specific heat-treated conditions to aseure that crack propagation due to the
environment will not occur.
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